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ABSTRACT: Severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) infection is mainly mediated through the
interaction between the spike protein (S-pro) of the virus and
the host angiotensin-converting enzyme II (ACE2). The attach-
ment of heparan sulfate (HS) to S-pro is necessary for its binding
to ACE2. In this study, the binding process of the receptor-binding
domain (RBD) of S-pro to ACE2 was explored by enhanced
sampling simulations. The free-energy landscape was characterized
to elucidate the binding mechanism of S-pro to ACE2 with and
without HS fragment DP4. We found that the stability of the
T470-F490 loop and the hydrophobic interactions contributed
from F486/Y489 in the T470-F490 loop of S-pro are quite crucial
for the binding, which is enhanced by the presence of DP4. Our
study provides valuable insights for rational drug design to prevent the invasion of SARS-CoV-2.

The severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) has been rapidly spreading all over the

world since December 2019.1 The coronavirus disease 2019
(COVID-19) induced by the invasion of SARS-CoV-2 has led
to more than 100 million infected patients and over two
million deaths up to March 2021. Currently, no proven
effective medications or therapy options are available for the
treatment of the fatal contagious disease.2,3 Meanwhile, the fast
evolution of the virus induced stronger infection ability and/or
higher toxicity (e.g., the N501Y mutated4,5 and D614G
mutated strains6−10), which raises great challenges for
combating the virus.
The study of the infection mechanism and the regulation on

the invasion process can greatly improve the understanding of
the pathogenesis and the development of antiviral drugs. The
infection of the virus to host is initiated by the interactions
between SARS-CoV-2 spike protein (S-pro) and host cell
surface receptors.11 S-pro is constituted of two subdomains (S1
and S2) and always presents as a trimer on the surface of
coronaviruses.12,13 The receptor binding domain (RBD)
positioned in S1 of S-pro can bind to angiotensin-converting
enzyme II (ACE2) on host cells.14,15 Many efforts have been
devoted to investigate the interaction between SARS-CoV-2 S-
pro and ACE2. The structure details of the binding interface
between the S-pro RBD and ACE2 has been identified by
crystallography,16−18 and the interaction surface of S-pro can
be divided into three contact regions, i.e., CR1, CR2, and
CR3.19 It was proposed that the polar interactions between
CR2 of the S-pro RBD and human ACE2 (hACE2) provide
large contributions to the binding of the SARS-COV-2 S-pro

RBD.20−23 Moreover, the conformational changes of the RBD
to an open state would enhance its interactions with ACE2 and
facilitate the S-pro-ACE2 association.11,24−26 However, the
detailed interactions and structure dynamics, as well as the
important intermediate states of SARS-CoV-2 S-pro in the
binding process with hACE2, remain unclear.
In addition, the binding process and binding affinity of

SARS-CoV-2 with ACE2 are regulated by glycoconjugates.27

Glycan and glycoconjugates spread all over host cells, and they
are usually utilized as the attachments in the initial stage of
infection for many viral pathogens. Heparan sulfate (HS),
which is a highly negatively charged linear polysaccharide
attaching to the cell membrane and extracellular matrix
proteoglycans,28 was found to play critical roles in the
infection of coronaviruses,29 including SARS-CoV-1 and
MERS-CoV.30 The recent studies showed that the interaction
between the S-pro RBD and the HS attached on the host cell
membrane is quite essential for the binding of the SARS-CoV-
2 S-pro trimers to ACE2.31−34 By investigating the SARS-CoV-
2 virus infection ratio to the human bronchial epithelial cells,
Clausen et al. reported that a dramatic decrease of infection
was observed in the HSase-treated cells, which demonstrates
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the crucial role of HS in the virus infection.31 The
understanding of the regulation mechanism of HS to the S-
pro RBD binding would provide important information for the
development of effective therapies for COVID-19.
In this study, we focus on the following three questions

which are important to the binding process of SARS-CoV-2 S-
pro to hACE2: (1) What are the predominant intermediates
and stages in the binding process? (2) Are there other
important interactions in the binding process except the polar
interactions between CR2 and hACE2? (3) How is the binding
regulated by the endogenic molecules such as HS? To answer

these questions, all-atom molecule dynamics (MD) simula-
tions and enhanced sampling methods were employed to study
the binding process between S-pro and ACE2. The free-energy
landscapes of the binding process with/without the attachment
of HS were constructed. The results suggest multiple stages in
the binding process, with the polar interactions dominant in
the initial association. Moreover, the hydrophobic interactions
between a few residues in CR1 and ACE2 are found crucial for
the formation of the binding intermediates. The presence of
the heparan molecules would stabilize the CR1 structure and
facilitate the hydrophobic interactions, which could decrease

Figure 1. Binding process between the S-pro RBD and ACE2. (A) Two-dimensional free-energy surface of the binding process. The contact areas
of CR1, CR2, and CR3 in different states were calculated and are shown in the inset. (B−G) Representative conformations of different states. In
each representative conformation, ACE2 and S-pro are colored in green and pink, respectively. The CR1, CR2, and CR3 on S-pro are represented
by surfaces and are colored in brown, purple, and yellow, respectively. The populations of different modes in the states are given.
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the free-energy barrier to form the final complex. The binding
mechanism revealed by this study improves our understanding
of SARS-CoV-2 infections and would greatly help the
development of vaccines and drugs to combat COVID-19.
To characterize the binding mechanism between SARS-

CoV-2 S-pro and hACE2, the enhanced sampling method was
employed to generate the free-energy landscape along the
important reaction coordinates describing the binding process.
The two-dimensional free-energy landscape as a function of the
center-of-mass (COM) distance between the backbone heavy
atoms of the two proteins at the binding interface and the
native contacts of the selected residue pairs was constructed
(Figure 1). The details of the enhanced sampling simulations
and the set of the reaction coordinates are described in
Computational Methods in the Supporting Information.
Several free-energy minima were observed along the binding
process, i.e., the unbound state (state U), the encounter
complex (state E), the intermediate (state I) with about half of
native contacts formed, the transition state (state T), and the
fully bound state (state B). The representative conformations
of the above states are given in Figure 1. In order to describe
the features of the binding process, the binding interface on the
RBD of S-pro is divided into three regions, two of which are
located at the ends of the binding interface, named as CR1
(residues E471-Y489) and CR3 (residues G446-Y451 and
Y495-G502), and the middle region is denoted as CR2
(residues K417, L452-F456, and F490-S494).19 The locations
of the three regions on S-pro are illustrated in Figure S1.
Considering the free-energy landscape, the binding process

can be divided into three stages: from the unbound state U to
the encounter complex E, from the encounter complex to the
intermediate state I, and from the intermediate state to the
complete bound state B. The encounter complex corresponds
to the initial touch of the two proteins. Two interacting modes
are observed in the encounter complex of S-pro with ACE2. In
the first mode (E1), only the S-pro CR3 contacts with ACE2,
while in the second mode (E2), both CR1 and CR3 contact
with ACE2. E2 dominates the early stage binding, about 75%
conformations of the encounter complex state are observed in
this mode, compared with around 25% conformations
observed in the mode E1. The contact surface area analysis
(Figure 1A insertion) shows that the contacts between CR3
and ACE2 are predominant (64.3%) in the state E1, with an
average contact area on CR3 of 44.2 Å2. But in E2, the
interactions between CR1/CR3 and ACE2 contribute more to
the binding, with the average contact areas on CR1 and CR3 of
108.1 and 92.6 Å2, respectively. The contributions of the
interactions between ACE2 and CR2 are relatively low in both
E1 and E2 (24.5 and 43.9 Å2, respectively).
The native contact values of the structures in the encounter

complex are close to zero, suggesting that the non-native
interactions drive the initial approach of S-pro to ACE2. More
contacts including the native contacts form in the intermediate
state than the encounter complex. There are also two
interacting modes (I1 and I2) in the intermediate state. CR2
and CR3 of S-pro are involved in the binding in the interaction
mode 1 (I1), and the average binding areas of these two
regions are 115.9 and 141.3 Å2, respectively. The structures of
I1 might proceed from the structures of the encounter-
complex E1 because the CR1 region is far from ACE2 in both
E1 and I1. In the second interacting mode of the intermediate
state (I2), the structures with all the CR regions interact with
ACE2. CR1 has the largest average contact area (273.6 Å2)

with ACE2. Compared with the structures in the encounter-
complex E2, the binding positions of S-pro are adjusted to
adopt more native contacts with ACE2.
Considering the free-energy surface and the features of the

structures in the free-energy minima, we propose that there are
probably two different pathways for the binding of S-pro to
ACE2. Pathway 1 is along U → E1 → I1 → T → B, and
pathway 2 is along U → E2 → I2 → T → B. Although the
population of pathway 2 is dominant in the early stage of the
binding (i.e., the formation of the encounter complex), the
structures in the intermediate states along the two different
pathways are comparable (54.5% in I1 vs 45.5% in I2).
The binding of HS would change the structures of S-pro and

promote the interactions between S-pro and ACE2, which is
important to the infection of SARS-CoV-2. The binding sites
of HS on S-pro still need further identification.31 In this study,
GlcA(2S)-GlcNS(6S)-GlcA-GlcNS(3, 6S) (DP4) was em-
ployed to study the possible HS binding sites on S-pro.
Heparin is a kind of polysaccharide sharing characteristic
similar to HS, both of which are constituted by repeated
disaccharides covalently linked by uronic acid and acetylglu-
cosamine.35 Heparin has been applied as an anticoagulant, and
recently, it was found that heparin can bind to the RBD
domain of the SARS-CoV-2 S-pro trimer and increase the
percentage of the S1 subunits occupied by ACE2.31 The
unbiased MD simulations were conducted to analyze the
possible binding positions of DP4 on S-pro, and a total of 100
replicas of the MD simulations (100 ns each) with random
initial positions of DP4 were performed. The last frames of 100
ns MD simulation trajectories were used to show the positions
of DP4 around S-pro. The binding between DP4 and S-pro is
more stable in site I than in other sites; no separation from site
I after binding was observed in our simulations.
Four possible binding sites of DP4 on S-pro were observed

(Figure 2). The most populated binding site (site I) is
enriched with positively charged residues, including R355,
K356, R357, and R466, which were also reported in the
previous study.31 About one-third of DP4 bind within site I.
The binding of DP4 to site I on S-pro is the most populated
one because of the strong electrostatic interactions. Site II
(residues 457−459) and site III (residues 446, 447, 449, 496,
and 498) are less populated, which are located close to CR1
and CR3 of S-pro, respectively (Figures 2 and S1). Fewer
positively charged residues are observed in the binding sites
compared with site I (two in site II or IV and zero in site III),
and the binding of DP4 to these three sites is unstable. The
binding sites I, II, and IV (residues 346 and 509) are also
observed by a previous molecule docking work.31 It should be
noted that site I has large binding space for the negatively
charged heparin, which would also facilitate the contact
between this site and longer heparin units.
To investigate the regulation of the heparin molecule to the

binding of S-pro to ACE2, 400 ns metadynamics simulations
were performed on the DP4-bound S-pro and ACE2.
Compared with the DP4-absent system, the presence of DP4
promotes the conformational space shifting toward the bound
state of the S-pro-ACE2 complex. There is only one dominant
low free-energy pathway for the binding between S-pro/DP4
and ACE2 (Figure 3A). The free-energy difference between
the fully bound state B and the unbound state is about 8 kcal/
mol based on the one-dimensional free-energy profile (Figure
S2), which is much larger than that in the absence of DP4.
These results demonstrate that DP4 could increase the binding
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affinity of S-pro to ACE2, which is consistent with
experimental observations.31

The binding process of S-pro/DP4 to ACE2 can also be
divided into three stages, i.e., the unbound state (U) to the
encounter complex (E), the encounter complex to the binding
intermediate (I), and the binding intermediate to the complete
bound state (B). Although two separated free-energy minima
(E1 and E2) are observed in the encounter complex region,
the approaching of S-pro to ACE2 is induced by the
interactions between CR3 and ACE2 in both E1 and E2
(Figure 3B,C). The structures in the encounter complex E1
(Figure 3B) are similar to those in the E1 of the binding of
apo-S-pro to ACE2 (Figure 1B), in which the non-native
contacts dominate the interactions between these two proteins.
The structures in the encounter complex E2 are more
compact, and several native contacts are formed. However,
only one major interacting mode in the stage of the encounter
complex formation was observed, i.e., CR3 of S-pro contacting
with ACE2.
Similar to the encounter complex of S-pro/DP4 and ACE2,

there is also only one single interacting mode in the
intermediate I (Figure 3E). All three regions (CR1, CR2,
and CR3) on the binding interface between S-pro and ACE2
(the contact areas on the three regions are 152.8, 227.8, and
246.7 Å2, respectively), but some native contacts are missing in
state I. By adjusting the conformations of the residue side-
chains and the interactions on the binding interface of the
structures in the state I, the complex would form the final
bound state (state B). The free-energy minimum O has small
COM distances between S-pro and ACE2, but the native
contacts formed in this state are lower than those in state I.
Compared with the crystal structure,16 the orientation of S-pro
in state O is deviated from that in the complex structure. We
infer that the free-energy minimum O is an off-pathway state of
the binding process.

The major free-energy barrier located at the COM distance
around 1.0 nm can be observed in both systems (Figure S2),
which suggests the critical step from the encounter complex to
the intermediates regardless of the presence or absence of DP4.
However, the free-energy barrier from the intermediate states
to the bound state is much lower in the presence of DP4 than
in the absence of DP4 (about 2 kcal/mol in S-pro/DP4-ACE2
and 10 kcal/mol in apo-S-pro-ACE2 in Figure S2).
The structures of S-pro in the systems with/without DP4

were compared. The structure fluctuations in the different
regions of S-pro in both systems were calculated for the
conformations in each state and are given in Figures 4 and S3.
The flexibility in most regions is not affected by the binding of
DP4 to S-pro, even in the DP4 binding sites. However, the
CR1 structure in the S-pro RBD is much more stable in the
presence of DP4, even in the U states. The average heavy atom
root-mean-square-fluctuation (RMSF) values of CR1 (includ-
ing the residues 476−478 and 481−486) are 3.0 and 9.6 Å for
states U and B of the DP4-absent system, respectively, while
those of the DP4-present system are reduced to 1.2 and 2.1 Å,
respectively.
Further structure analysis shows that the flexibility of CR1 is

related to the hydrogen bond between Y473 and Y489, which
would stabilize the β-sheet in CR1. In the presence of DP4,
more than one stable hydrogen bond would form between the
backbone atoms of Y473 and Y489. The occupancies of the
hydrogen bonds between Y473 and Y489 in the on-pathway
minima are 86.1% (state U), 94.7% (state I), and 88.5% (state
B), respectively. The formation of these hydrogen bonds is
believed to stabilize the structure of CR1, with the largest
RMSF values of the CR1-atoms in states U, I, and B of 3.2, 4.2,
and 3.0 Å, respectively. In contrast, without DP4, the largest
RMSF values are up to 16.1 Å (state U), 10.1 Å (state I), and
8.1 Å (state B), respectively. Meanwhile, the hydrogen bond
occupancies of Y473−Y489 in the unbound state (state U),
intermediates (state I), and encounter complexes (state E) are
reduced to 43.2%, 52.3%, and 18.7%, respectively.
In order to illuminate the atom-level binding mechanism of

S-pro to ACE2, the residue interactions in the different stages
of the binding processes were analyzed. The interactions in the
bound states of both systems (i.e., S-pro with ACE2 and S-
pro/DP4 with ACE2) are basically identical to those in the
crystal structure and previously reported results.19 The
interactions between S-pro and ACE2 could be divided into
three classes based on the locations and types of the binding
residues, denoted as the hydrophobic cluster, polar contact
network I, and polar contact network II (Figure 5A). The
hydrophobic cluster mainly includes the residues L455, F456,
F486, and Y489 in CR1 of S-pro and F28, M82, Y83, and H34
in ACE2. The polar interaction network I is composed of the
hydrophilic residues in CR3 on the S-pro and ACE2 binding
interface. The residues K353 in ACE2 and Q498 in S-pro are
the hubs in the interaction network. The polar interaction
network II mainly contains residues on the binding interface
between CR2 of S-pro and ACE2, and Q493 plays the central
role in the interactions. The residue and atom composition of
the connections are given in Figure 5B and Table S1.
The highest free-energy barriers along the binding process

are located between the encounter-complex and the inter-
mediates, and therefore, the rearrangement of the residue
interactions in this step are important for the binding. The
greatest changes from the state E1/E2 to state I are the
formation of the hydrophobic interactions related to CR1 of S-

Figure 2. Positions of DP4 in the final snapshots of the 100-replica
unbiased MD simulation trajectories. The centers of DP4 are
represented by the green spheres. The RBD of SARS-CoV-2 is
drawn as a pink cartoon covered with light pink surface. Four major
binding sites, i.e., site I, site II, site III, and site IV, are colored in blue,
cyan, red, and orange, respectively. The appearance ratios of these
binding sites are given.
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pro, especially the hydrophobic cluster formed by the residues
F486/Y489 in S-pro and F28/L79 in ACE2. The formation of
the hydrophobic cluster should be the rate-limiting step for the
binding process, and the free-energy barrier is largely
contributed from the entropy cost induced by the flexibility
of CR1 (Figure 4C). The transitions from the intermediate
state to the fully bound state B would be a faster step because
there is no energy obstruction to reach the state B. Our results
are consistent with the recent cryo-EM studies on the complex
structure of the ACE2-bound SARS-CoV-2 S-trimer,25 which
found that the hydrophobic interactions with the involvement
of F486/Y489 in the T470-F490 loop of S-pro are important

to the complex formation. More importantly, we found that the
hydrophobic interactions mainly contribute to the transitions
from the encounter-complex to intermediate instead of the
initial encountering of the binding.
To investigate how the DP4 molecules regulate the binding

of S-pro to ACE2, the interactions between S-pro and ACE2 in
the early stages of the binding processes (i.e., the encounter
complex) were analyzed. Several non-native polar interactions
formed between S-pro and ACE2 in both the DP4-present/
absent systems, indicating that the polar interactions provide
the initial driven force for the approach of S-pro to ACE2
(Figure S4). On the other side, the hydrophobic interactions

Figure 3. Binding process between the S-pro RBD and ACE2 in the presence of DP4. (A) Two-dimensional free-energy surface of the binding
process. The contact areas of CR1, CR2, and CR3 in different states are given in the inset. (B−G) Representative conformations of different states.
The colors and representations of proteins are the same as in Figure 1, and DP4 is shown as a stick model.
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constituted by residues in CR1 of S-pro and ACE2 are different
in the intermediate states of the two systems. In the presence
of DP4, CR1 of S-pro is restrained by the electrostatic
interaction between the negatively charged sulfuric acid group
on DP4 and the positively charged residue R466. Therefore,
the hydrophobic residues F456, Y473, F486, and Y489 in S-pro
would form a native hydrophobic cluster which further
facilitates the interactions between S-pro and ACE2. However,
in the DP4-absent case, CR1 on S-pro is unstable and a non-
native hydrophobic cluster including V483 in the S-pro RBD
would form (Figures S4 and S5) in the early stage, which
impedes the transformation from the encounter complex to the
final bound complex.

Many polar interactions are important for the transitions
from the intermediate to the bound complex, including the
residues D30 and E35 in ACE2 and R403, K417, and Q493 in
S-pro. In the intermediate state, very few hydrogen bonds
formed between Q493 and E35 and betweeb K417 and D30.
The occupancies of the hydrogen bonds in Q493(S-pro)-
E35(ACE2) and K417(S-pro)-D30(ACE2) in the intermediate
are 21.0% and 18.4%, respectively. More than half of the
conformations in the bound state possess these two hydrogen
bonds, indicating that the interactions are important to the
stability of the S-pro-ACE2 complex. It should be noted that in
a recent study K417 was found to be a key residue in the virus
infection and the binding of neutralizing antibodies.36

Figure 4. Structure fluctuation of S-pro in the binding process. (A) Heavy atom RMSFs of the structures in bound states. The residues in CR1
(T470-F490 loop) are labeled by the yellow dashed frame. (B) Heavy atom RMSFs of the structures in unbound states. The CR1 residues (T470-
F490 loop) are labeled by the yellow dashed frame. (C) Representative conformations of S-pro CR1 in different states of the binding process of
apo-S-pro and ACE2. (d) Representative conformations of S-pro CR1 in different states of the binding process of S-pro/DP4 and ACE2.
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Interestingly, the residue D30 in ACE2 prefers to form a stable
non-native hydrogen bond with R403 in S-pro in the
intermediate state (occupancy of 81.6%). The system needs
to overcome the free-energy barrier related to the breaking of
the hydrogen bond between R403 and D30 to reach the bound
state from the intermediate.
Recently, public concerns have been raised regarding the

more contagious mutations P.1 in South Africa (K417N-
E484K-N501Y) and B.1.351 in Brazil (K417T-E484K-
N501Y). On the basis of reported experimental and computa-
tional results, the mutation E484K is considered crucial for
stronger binding affinity to ACE2.37,38 The binding con-
formation of the P.1 variant S-pro RBD and ACE2 (PDB:
7NXC) is highly similar (RMSD = 0.30 Å) to that of wild-type

S-pro RBD and ACE2 (PDB: 6LZG). In the crystal structure
7NXC, the side chain of mutated K484 is placed at the same
position of the original E484; however, instead of the original
negative electrostatic surface of E484, the positive electrostatic
surface of K484 provides polar interaction with E35 in
ACE2.38 Our results are consistent with this conclusion and
further suggest a faster binding process between E484K S-pro
RBD and ACE2. In the intermediate state of the supposed
“naturally” binding process with the presence of DP4, an
exclusive polar contact between RBD-E484 and ACE2-E75
(>90%, Figure 6A), together with the non-native polar
interaction between RBD-E484 and ACE2-K68 (65.4%, Figure
6B), was observed, suggesting E484 should be an obstruction

Figure 5. Interactions between S-pro and ACE2 in the bound state of system with DP4. (A) Residues in the interaction interface of the
conformation in the bound state. The contact residue pairs (cutoff = 5.5 Å) with occupancies higher than 90% are listed in the figure. The
interaction networks in different regions are labeled. (B) Interaction networks between RBD and ACE2. The residues on S-pro are colored in red,
while those in ACE2 are colored in green. The percentages of the hydrogen bonds are labeled on the lines between two residues.
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for the formation of the final interaction network between
RBD-CR1 and ACE2.
In conclusion, the binding processes and binding free-energy

landscape of the S-pro RBD with ACE2 were characterized in
this study. Multiple stages were observed in the binding
process of S-pro to ACE2, i.e., from the unbound state (U) to
the encounter complex (E), followed by the intermediate, and
finally to the bound complex. The formation of the encounter
complex is mainly driven by the polar interactions between the
two proteins. In addition, the hydrophobic interactions
between ACE2 and CR1 of S-pro (i.e., the T470-F490 loop)
are crucial for the system transitions to the intermediate from
the encounter complex. The binding of SARS-CoV-2 S-pro
with ACE2 is facilitated by glycoconjugates. The binding of
DP4 mostly affects the structure of CR1 (T470-F490 loop). In
the DP4-absent system, CR1 of S-pro is more flexible in the

unbound state and encounter complex during the binding
process compared with that in the DP4-present system.
Moreover, the presence of DP4 would rearrange the inner
interactions of S-pro and stabilize the T470-F490 loop, which
facilitates the interactions between the hydrophobic residues in
S-pro and ACE2. Our results give the detailed mechanism and
regulation of the binding of S-pro to ACE2, which improve our
understanding of SARS-CoV-2 infections and will be a great
help for the development of vaccines and drugs against
COVID-19.
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